This work examines the ability of small-scale helium-air mixture coaxial jets to simulate the acoustics of largescale hot air jets representing the exhaust of separate-flow turbofan engines. Experiments employed a one-eighthscale model of a separate-flow nozzle used in hot tests at NASA John H. Glenn Research Center. Comparisons were conducted for two set points using the following methods: matching velocity and density, and matching velocity and Mach number. For both methods, the helium-air data compare well with the hot data in all measures of noise: spectral shapes, spectral levels, and overall sound pressure levels. The method of matching velocity and Mach number gives slightly better agreement in the spectral shapes at angles close to the jet axis and in the overall sound pressure levels. The overall agreement between the hot air and helium-air mixture data is within 1.2 dB. 
ET aeroacoustics remains one of the most challenging fields of continuum mechanics. In the last decade substantial progress has been made in the understanding and modeling of jet noise. Advanced numerical methods are showing promise in computing from first principles the sound emitted by complex jets [1] , but it will take many years until computers are powerful enough to resolve accurately the sound spectrum relevant to community noise. For the foreseeable future, experiments offer the only way to obtain reliable acoustic data. Given the wealth of variables influencing sound emission (velocity, Mach number, density, bypass ratio, nozzle shape, etc.), experiments need to cover a large parameter space to produce data meaningful for aircraft noise prediction and control. This can become a very expensive process.
Jet aeroacoustic facilities in the United States employing nozzles with realistic geometry and realistic flow conditions are about 1=10 the scale of the actual engine. They exist at NASA centers and industrial labs. These facilities have been instrumental in the advancement of knowledge on jet noise and the development of novel concepts for noise suppression [2] . There is no substitute for their capability and scientific value. However, their operation is very expensive, and investigations can be lengthy.
University facilities tend to be an order of magnitude smaller, about 1=100 to 1=50 scale. The majority of university experiments have used simple nozzles to investigate single-stream jets composed of cold air. Few rigs are equipped to run hot, fewer are dual stream, and a very small fraction use nozzles representative of those of turbofan engines. It should be realized that a heated jet experiment in a university setting is an expensive proposition fraught with safety and environmental concerns. Although it has proven doable, one sacrifices the flexibility, low cost, and low risk of a cold experiment.
A method to simulate the conditions of a heated air jet, while still running "cold," is to replace the air with a gas, or a gas mixture, with lower molecular weight. Helium is a prime candidate because of its very low molecular weight and because it is nontoxic and noncombustible. For a small-scale facility, the use of helium-air mixtures offers a cheaper, simpler, and intrinsically safer alternative to heating the air. The use of helium-air mixture jets for the study of jet aeroacoustics was pioneered by Chan and Westley [3] and subsequently was used by Kinzie and McLaughlin [4] and several other groups, including the aeroacoustics program at University of California, Irvine (UCI) [5] . In comparing single-stream jets composed of helium-air mixtures with hot air jets, Kinzie and McLaughlin demonstrated reasonable agreement in the acoustics and mean flow characteristics.
A question that invariably arises is can very-small-scale heliumair mixture jets duplicate the acoustics of realistic full-scale heated jets? With regard to turbofan engines, realism involves the exhaust conditions and the shape of the nozzle. An additional element of reality is that, today, all commercial engines have dual-stream exhausts. Even when the core and bypass streams are mixed internally, the exit flow is not uniform enough to be characterized as single stream. The present study addresses the question by surveying the acoustics of very-small-scale helium-air mixture coaxial jets issuing from a nozzle with realistic geometry and comparing them with the acoustics of equivalent large-scale heated jets tested at the Nozzle Acoustic Test Rig of NASA John H. Glenn Research Center. The paper gives a short introduction on the use of helium-air mixtures, describes the experimental facilities, and compares the data from the two experiments.
II. Helium-Air Mixtures
A comprehensive treatment on the use of helium-air mixtures for jet aeroacoustics can be found in Doty and McLaughlin [6] . Presented here is a brief overview of the ability of helium-air mixtures to capture the acoustics and fluid mechanics of heated air jets. There are three basic fluid mechanical parameters that impact jet mixing noise: velocity, density, and Mach number. Other variables, e.g., temperature, can be expressed in terms of those three parameters. Lighthill's acoustic analogy has shown that sound intensity depends strongly on jet exit velocity. For low-speed jets, dimensional analysis of Lighthill's equation shows that the acoustic intensity scales as U 8 , a trend corroborated by experiments in cold jets [7] . For hot jets, the power-law exponent ranges from 5.5 to 9.8 [8] , depending on the direction of radiation and the temperature ratio, and so the acoustic intensity is still a very strong function of velocity. It is therefore the premise of this study that the velocity U must be matched. Assuming that the jet exit pressure is matched with the ambient pressure p 1 , the velocity of the hot air jet is
and the velocity of the helium-air mixture jet is
To match the above velocities, we must have
For mix hot we can match exactly both the density and the Mach number. However, helium is a monatomic gas with specific heat ratio 5=3, different from the diatomic value 7=5 1:4 for air. A helium-air mixture therefore has 7=5 < mix < 5=3. This means that we can match exactly only one of the two parameters (density or Mach number); the remaining parameter will be matched only approximately, within a few percent. In this investigation we compare two approaches: a) matching velocity and density and b) matching velocity and Mach number. Using the velocity matching criterion of Eq. (3), the first approach yields
and the second approach gives
Because mix > hot , matching the density results in M mix < M hot . Matching the Mach number gives mix > hot . We note one additional difference that affects the experimental procedure but not the fluid mechanics. Assuming perfectly expanded flow, the Mach number is controlled by the nozzle pressure ratio (NPR) NPR p 0 =p 1 via the isentropic relation
Because of the differences in , at equal M the NPR of the hot air jet is different from the NPR of the cold helium-air mixture jet. The reader is referred to Doty and McLaughlin [6] for further details on the properties and implementation of helium-air mixtures.
III. Experimental Facilities
The nozzle of the present experiments is a scaled-down version of the baseline separate-flow nozzle used in heated air tests at NASA John H. Glenn Research Center (GRC). The GRC facility and acoustic data referred to in this paper are covered in Janardan et al. [9] . The baseline nozzle used in the GRC tests is referred to as the 3BB nozzle [2, 9] and so we shall use the same name here. The radial coordinates of the 3BB nozzle were obtained from GRC and were scaled down so that the nozzle mass flow rate would fit the flow capacity of our lab. Stereolithography files were generated, and the nozzle components were rapid prototyped from plastic (epoxy resin) material. Because this material becomes fragile for very small thickness, the relative thickness of the nozzle at the trailing edge is larger than that of the nozzle used in the hot tests. Figure 1 shows the combined stereolithography file of the three elements of the nozzle: fan nozzle, core nozzle, and plug. Figure 2 plots the coordinates of the nozzles used in the hot tests [9] and in the present investigation. The fan exit diameters D f of the nozzles used in the hot and cold tests are 31.0 and 246.1 mm, respectively, giving a scale factor of 7.94.
The scaled-down 3BB nozzle was tested in the jet aeroacoustics facility depicted in Figs. 3 and 4. The facility supplies mixtures of helium and air to the primary (core) and secondary (bypass) nozzles. The helium mass fraction c He and the total pressure p 0 of each mixture are determined by the desired exit velocity and Mach number. The nozzle exit area sets the individual mass flow rates of air and helium. Corresponding to the mass flow rate of air is the total pressure of the air flow alone, p 0 air . The helium mass fraction is set by first running air alone through the nozzle to match p 0 air and then adding helium to match p 0 . This is the same procedure used by Doty and McLaughlin [6] . The experiments attempted to reproduce the conditions of two hot static tests with fully mixed equivalent jet velocities U fmeq 354 and 366 m=s. The matching methods were the two discussed earlier, i.e., matching velocity and density, and matching velocity and Mach number. For each set point and matching method, the total pressures were held to within 0.5% of the target values, resulting in errors of 0.3% in the velocity and 0.2% in the Mach number. The Reynolds number of the jet, based on fan exit conditions, was 6 10 5 . The corresponding Reynolds number of the hot air jet [9] is estimated at 4: 8 10 6 . Noise measurements were conducted inside an anechoic chamber using a 3.2-mm condenser microphone (Brüel & Kjaer 4138) with a frequency response of 140 kHz. The microphone was mounted on a pivot arm and traced a circular arc centered at the jet exit with radius r 965 mm, or r=D f 31:1. The polar angle ranged from 25 to 130 deg relative to the jet axis. The microphone was sampled at 400 kHz by a fast analog-to-digital board (National Instruments PCI-6070E) installed in a Pentium 4 computer. Each recording consisted of 54,280 samples (135 ms), corresponding to the passage of about 10,000 eddies the size of the inner-jet diameter. The signal was highpass filtered at 500 Hz by a Butterworth filter to remove spurious lowfrequency noise. The narrowband power spectrum of the microphone voltage was computed using a 2048-point fast fourier transform, which provided a spectral resolution of 195 Hz. Using the microphone's sensitivity of 1 mV=Pa and accounting for the amplifier gain setting, the voltage power spectrum was converted to the power spectrum of 
where C fr and C ff are the corrections for the actuator response and free-field response, respectively, and are based on data provided by the manufacturer of the microphone. The atmospheric absorption coefficient (dB=m) is computed using the formulas proposed by Bass et al. [10] for the measured values of relative humidity and temperature of the ambient air. Repetition of the same experiment under varying temperature and relative-humidity conditions (typically from 20 to 50%) yielded spectra that differed by at most 0.5 dB. The overall sound pressure level (OASPL) was obtained by integrating the lossless spectrum:
where the upper limit is the highest frequency that can be resolved, in this case 140 kHz.
IV. Comparison Procedure
The spectra of the large-scale hot jets are published as lossless 1=3-octave spectra corresponding to the actual frequencies measured in the hot jet facility [9] . The spectra are referenced to a 305-mm arc centered at the nozzle exit, that is, r=D f 1:24. The acoustic data from the helium-air mixture experiments were scaled to the conditions of the hot air tests using the following procedure:
1) The measured frequencies of the helium-air mixture jets were divided by the scale factor 7.94. The highest resolvable frequency was 140 kHz=7:94 17:6 kHz.
2) The scaled-up narrowband helium-air mixture spectra were converted into 1=3-octave spectra.
3) The helium-air mixture 1=3-octave spectra were increased incrementally by the distance factor 20log 10 r=D f mix r=D f hot 20log 10 31:1=1:24 28:0 dB to become directly comparable with the corresponding spectra of the large-scale hot jets. This procedure reflects the scaling law for the power spectral density proposed by Tam [11] , except that the Strouhal scaling is not applicable here because the power in each frequency bin of the 1=3-octave spectrum represents an integrated quantity.
V. Results and Discussion
We compare the spectra of the actual (heated air) and simulated (helium-air mixture) jets for two set points (U fmeq 354 m=s and Matching velocity and Mach number. PAPAMOSCHOU 366 m=s) using the two methods discussed in Sec. II: matching and velocity and density, and matching velocity and Mach number. Table 1 shows the hot air conditions of the first set point and the corresponding helium-air mixture (He-air) conditions using the aforementioned matching methods. Table 2 shows the analogous information for the second set point. The He-air conditions listed in the tables represent average conditions over the coverage of all the polar angles. Departures from the target values are due to small errors in setting the total pressures, discussed in Sec. III.
First we examine the method of comparing at equal velocity and density. Spectra at selected polar angles are shown in Figs. 5 and 6 for set points U fmeq 354 and 366 m=s, respectively. For both set points, the He-air spectra agree well with the hot spectra, except at very small angles ( 20-30 deg), where there is a small underprediction of the spectrum at low-to-medium frequencies. Next we compare the actual and simulated jets at equal velocity and Mach number. Spectra at selected polar angles are shown in Figs. 7 and 8 for set points U fmeq 354 and 366 m=s, respectively. We note very good agreement for all the polar angles. Figure 9 plots the OASPL directivities of the hot and He-air data using the method of matching velocity and density. Although the overall agreement is very good, the He-air data slightly underpredict the OASPL at the larger polar angles. Comparison at the same velocity and Mach number, Fig. 10 , produces even better agreement, and the underprediction at the large angles becomes very small. The agreement between the He-air and hot data can be quantified in terms of the root mean square deviation Even though the differences between the results of the two matching methods are small, it is worth analyzing some basic fluid mechanics to gain additional insight as to which method is preferable. It is widely agreed that turbulent shear-flow mixing causes two types of noise: sound produced by large-scale eddies and sound generated by fine-scale turbulence [12] . The former is very intense and directed at angles close to the jet axis. The latter is nearly uniform and affects the lateral and upstream directions. Large-scale mixing noise has been successfully modeled by treating the eddies as instability waves. Sound radiation is governed by the convective velocity U c of the instability wave. When U c is supersonic, strong Mach wave radiation is evident in instantaneous photographic realizations of jets. For subsonic U c , the growth-decay nature of instability waves creates a spectrum of phase speeds, part of which are supersonic [12] . The resulting Mach wave emission is not as intense or nonlinear as its supersonic counterpart but still constitutes the strongest source of sound.
Direct measurements of U c by Murakami and Papamoschou [13] and by Thurow et al. [14] have shown that U c it is strongly dependent on the convective Mach number M c of the turbulent mixing region. Here we use the "symmetric" definition of M c [13] as an overall measure of shear-layer compressibility. The coaxial jets of the present study have a long primary potential core L p and a short secondary potential core L s . For both set points and both matching methods, the mean flow model of Murakami and Papamoschou [15] gives the following estimates: L p =D f 4:7 and L s =D f 1:6, both lengths being measured from the exit of the primary nozzle (x 9 mm in Fig. 2b ). The upshot is that a significant region of the primary potential core is not surrounded by the secondary potential Fig. 9 Comparison of OASPL using the method of matching velocity and density. Solid symbols: hot air jet [9] ; open symbols: helium-air mixture jet. core; this so-called "intermediate region" can be treated effectively as a single jet with velocity U p [16] . With regard to noise emission, the near-field of the jet encompasses two important regions: the shear layer between the primary potential core and the ambient in the intermediate region, and the shear layer between the secondary potential core and the ambient very near the nozzle exit [16] . This observation is significant because, as noted earlier, the convective velocity is strongly dependent on M c . It affects mainly the primary (core) flow where there is noticeable departure of from the ambient value. The convective speeds for the primary and secondary shear layers were estimated using the empirical model of Murakami and Papamoschou [13] . They are listed together with the convective Mach numbers in Tables 3 and 4 for U fmeq 354 and 366 m=s, respectively. When matching velocity and density, the primary convective speed U c p of the helium-air mixture jet is about 5% lower than that of the hot jet. When matching velocity and Mach number, there is a near-perfect equality of convective speeds between the actual and simulated jets, a consequence of the equality of the convective Mach numbers. The lower estimated U c p of the densitymatching method may explain the underprediction of the spectral levels at shallow angles (Figs. 5 and 6 ), a direction influenced by noise from large-scale turbulent structures.
VI. Conclusions
The acoustics of large-scale heated coaxial air jets issuing from realistic nozzles are successfully simulated by equivalent small-scale cold helium-air mixture jets. The study covers two set points and polar angles ranging from 20 to 130 deg relative to the jet axis. The helium-air mixture jets are compared with hot air jets using two methods: a) matching velocity and density, and b) matching velocity and Mach number. Both methods yield good agreement in the spectral shapes, spectral levels, and overall sound pressure levels, with method b) having a small but consistent advantage. Estimation of convective velocities of large-scale turbulent structure indicates that method b) reproduces these velocities better than method a). This is a possible explanation for its superior acoustic matching.
